The level scheme of 212 Rn has recently been expanded and extended to spins of ∼39h and excitation energies of about 13 MeV using the 204 Hg( 13 C,5n) 212 Rn reaction and γ -ray spectroscopy. Time-correlated techniques were used to obtain channel selectivity and improved sensitivity. New γ -ray branches from states associated with valence proton configurations as well as a number of new states below the 22 + isomer have been identified. The excitation energy of the 22 + core excited isomer itself has been established through the observation of several branches parallel to the main decay, implying a transition energy of 7.6 keV for the previously unobserved decay to the 20 + 2 state. The level scheme above the 22 + isomer includes two new isomers with τ = 25(2) ns and τ = 12(2) ns placed at 12,211 and 12,548 keV, respectively. These are attributed to configurations involving triple neutron core excitations coupled to the aligned valence protons. The results are compared to semiempirical shell-model calculations, which can account for many of the states observed, with considerable precision for the valence proton configurations but with significant energy discrepancies for some core excited configurations. Calculations within the deformed independent particle model (DIPM) have also been carried out for the main core excited configurations at high spin and compared with both experiment and the empirical shell-model approach. The possible sources of discrepancies in both approaches are discussed, and it is suggested that anomalously low excitation energies are predicted for specific configurations in the DIPM.
I. INTRODUCTION
The identification of excited states in nuclei close to the Z = 82, N = 126 double-shell closure has been an important part of the development of the understanding of the structure of heavy nuclei. The nuclide 212 Rn, in particular, with its relatively simple structure of a closed neutron core and four valence protons, is attractive as a testing ground for the study of both low-and high-spin states [1] [2] [3] [4] [5] [6] [7] . The principal interests have been to develop shell-model approaches and probe their limit of applicability and, from another point of view, to address the question of whether deformation plays a role. The latter is a natural expectation given that increasing numbers of particles congregate near the nuclear equator as high angular momentum states are formed by the mutual alignment of the spins of individual nucleons. This expectation is captured in the deformed independent particle model approach [8, 9] .
From the shell-model viewpoint, the main ingredients controlling the formation of the yrast line seem to be the attractive proton-neutron residual interactions acting between mutually aligned particles and the nonlinear particle-octupolevibration coupling, which favors specific (multiparticle) proton and neutron configurations [10] . The attractive interactions offset the cost in energy incurred in promoting neutrons out of the core so as to gain angular momentum by populating the high-j orbitals above the neutron Fermi surface, the prime method of making higher spins once the angular momentum available from the valence protons is exhausted.
The energy favoring of a particular class of configuration to form high-spin states is also manifested, in general, in the presence of isomers. In 212 Rn, early studies identified high-spin yrast isomers up to spins of 30h [1, 2] and excitation energies of about 8.5 MeV, some involving double neutroncore excitations. A J π = 33 − isomer and high-lying γ -ray transitions were subsequently observed in work that was a precursor to the present study [3] . Yrast states with related configurations have also been identified in 211 Rn and 210 Rn [11, 12] . In 212 Rn, states with higher spin than 33h can be formed, in principle, with relatively simple configurations by combining the valence protons and other double neutron-core excitations to exploit further the g 9/2 , i 11/2 , and j 15/2 orbitals above the neutron Fermi surface. The lowest of these are likely to involve proton components such as the (h At that stage, triple neutron-core excitations might also become competitive, with the maximum spins available from energetically favored configurations being about 40h. The present study of 212 Rn was aimed at both a more comprehensive study of the level scheme and the identification of states in this limiting region of angular momentum. A number of aspects of the present results on the new high-spin isomers identified, and their configurations, were published recently [13] . More information on the spectroscopic results and assignments relevant to the earlier letter is provided in this article, in addition to a comparison between the shellmodel and deformed independent particle model approaches. Results on the N = 126 nuclide, 210 Po, obtained in the same measurements, have also been published [14] .
II. EXPERIMENTAL DESIGN AND DETAILS
The results were obtained using the ( 13 C,5n) reaction on 204 Hg. Two sets of measurements were made using similar beam-target conditions but with different configurations for the γ -ray array, CAESAR. An oxide target enriched in 204 Hg was used for both, with a pulsed beam of 13 C at 89 MeV provided by the Australian National University 14UD Pelletron accelerator. Pulses of about 1 ns in width were separated by 856 ns, a configuration chosen to match the lifetimes of the 22 + and 30 + isomers. (The low-lying 8 + isomer has a longer lifetime of 1.2 µs.) The energy was chosen to enhance the high-spin population in the 204 Hg ( 13 C,5n) 212 Rn reaction, being above the peak of the cross section for the 5n evaporation channel and therefore at the expense of increased contamination from the 6n channel leading to 211 Rn. The nominal maximum angular momentum input (sharp cutoff) is about 40h. Our previous measurements [3] used this reaction at lower energies and also the 198 Pt( 18 O,4n) 212 Rn. The latter has a more convenient target but not as high an angular momentum input.
In the first set of measurements the array comprised six hyperpure Ge detectors and one LEPS detector for enhanced low-energy efficiency. The six Compton suppressed detectors in CAESAR are arranged in the vertical plane, in pairs, at angles with respect to the beam direction of ±97
• , ±148
• , and ±48
• , allowing γ -ray anisotropies to be measured. In the second set of measurements, the array was augmented with the addition of three large-volume Ge detectors (Compton suppressed and 80% efficient) and an additional LEPS detector, all in the horizontal plane.
Gamma-γ -time matrices were constructed from these data to establish the coincidence relationships. Where possible, additional time conditions were used to select γ rays feeding or following isomers. Lifetime information was obtained by projecting intermediate-time spectra from γ -γ -time cubes with gates on γ rays above and below the state of interest as well as from the γ -ray-time data with respect to the nanosecond-pulsed beams.
Analysis of the data from the second experiment was also aimed at providing angular anisotropy information to constrain multipolarities for transitions above the 22 + isomer. This was accomplished by constructing three matrices, with transitions observed in any of the three pairs of six detectors in the vertical plane (defining three angles with respect to the beam axis), on one axis, with any delayed transitions observed in the other eight large detectors. Gates were then set on the delayed transitions, beginning with the main cascade transitions below the 22 + isomer and progressively moving up in the level scheme to isolate specific transitions above the 30 + isomer, without contamination. As will be evident later, this also allowed several independent determinations of the anisotropies of the higher transitions and the isolation of cases where specific transitions are contaminated by γ rays of similar energy, lower in the level scheme. Spectra constructed from such matrices allowed threepoint anisotropies to be determined. (Note that these will be indicative of spin differences but are not sufficient to extract precise mixing ratios.) The angle and energy-dependent relative efficiencies required for the anisotropy determination were internally calibrated using the broad spectrum of lines produced in activity. The overall relative efficiency was determined using standard sources.
III. RESULTS AND LEVEL SCHEME
Transitions assigned to 212 Rn, including those reported in Ref. [13] , are listed in Table I together with their placement in the scheme, relative intensities, and, where available, anisotropies, as observed in the present experiments. The anisotropies are given in terms of the normalized coefficient in a fit to an expansion, up to second order, in the Legendre polynomial.
The level scheme is presented in two main parts: Fig. 1 includes states up to the 22 + isomer at 6174 keV, while higher states are shown in Fig. 2 . Stuchbery et al. [4] summarized the properties of states up to the 22 + isomer as known at that time, and additional transitions were assigned by Lönnroth et al. [5] . In relation to those works, nearly all transitions have been independently confirmed and about 20 new transitions placed in this part of the level scheme. These transitions confirm the levels previously assigned and result in the assignment of five new states as well as in the definition of the excitation energy of the 22 + isomer itself, as discussed in the following. The only cases in which no significant new information or specific confirmation was found are for the 2306-keV state and the associated 804.8-keV transition, which is only known from β decay, and the 1002.1-keV transition, which defines a state at 2696 keV but is observed only weakly in the present reaction.
Transitions of note, in addition to those that define new states, include the 1066.4-and 644.5-keV E3 decays from the 11 − isomer at 2761 keV. The former had been observed previously [5] , but its intensity had not been precisely defined, while the weaker 644.5-keV branch is new. The 1705-keV E2 transition that connects the 19 − core excited state with the 17 − valence proton state is observed for the first time, and as reported in Ref. [13] , numerous decays from the 22 + excited state have been assigned. Their decay properties will be discussed in the following section. Figure 3 gives representative spectra obtained with gates on some of the weaker decay paths, populated in the out-of-beam time region. The spectrum gated on the 345-keV transition connecting the 19 − state to the 20 + state at 5427 keV shows the strong 1360-keV transition, the main branch from that state, and also the 775-and 1291-keV γ rays, placed as transitions from a new state at 5357 keV. The 70-keV connecting transition is inferred, but the γ ray was not observed directly, partly 054320-2 Fig. 2 for the upper part of the scheme.) The arrow widths are approximately proportional to the relative γ -ray intensities. Mean lives for the isomeric states are also indicated.
because its intensity would be low (since it would be a highly converted E2 transition) and partly because it overlaps with the x rays from the target. The spectrum obtained with a gate on the 422-keV branch from the 2115.9 8 + 2 state in Fig. 3 shows strong 212-, 232-, and 950-keV transitions, defining several new paths parallel to the main (226-961 keV) cascade. (Note that the 961-keV transition is present in the 422-keV gate, even though these two are in parallel, because of an unplaced transition with an energy of 422.3 keV, apparently in coincidence with the 961-keV γ ray.)
The 372-keV gated spectrum in Fig. 3 shows that the 372-keV transition is parallel to the 395-keV transition and that it feeds the new 5795-keV state, which has several decay paths, via the 865-and 863-keV cascade and the 1212-keV transition to the 17 − state at 4582 keV.
A. Energy and decay properties of the 22 + isomer
This isomer was originally placed by Horn et al. [1] at an energy of 6167.3 + keV and was assumed to connect to the main sequence by an unobserved low-energy transition. New branches from the 20 + 2 state and from the isomer itself, which allow the energy of the 22 + state, and therefore the energy of the unobserved transition that connects them, to be defined, were reported in Ref. [13] , as shown in the level scheme ( + isomer is defined as 6174.2(3) keV, consistent with the difference in energies of the pair of γ rays at 395.0 and 402.5 keV and with the pair at 739.7 and 747.3 keV, which give a value of = 7.6(3) keV.
All these transitions can be placed unambiguously through a combination of time-correlated gates. For example, the prompt coincidence spectrum for the 403-keV transition given in Fig. 4 (bottom) indicates that it feeds the 19 − state but that it is parallel to the 395-keV transition; the spectra with prompt and early gates on the 747-keV transition place it as a direct feed to the lower 20 + state but also below the 22 + isomer. The spectrum of transitions following the 968-keV transition (Fig. 4 , top) that directly feeds the 22 + isomer confirms the new decays. (In these particular cases, "prompt" refers to a ±150-ns relative time condition, while the "delayed" and "early" spectra are constrained with relative time gates of +150 to +850 ns and −150 to −850 ns. Different time conditions were used in other parts of the scheme, depending on the lifetimes involved.)
B. States above the 22 + isomer
The level scheme above the 22 + isomer, as discussed in Ref. [13] , is shown in Fig. 2 . The only modification compared to Ref. [13] is the assignment of J π = 28 (−) to the 8557.3-keV state, rather than (28 + ), as will be discussed in a subsequent section.
There are effectively four parallel paths connecting states between the 25-ns isomer at 12,211 keV and the 30 + , 220-ns isomer at 8579 keV, including a path via low-energy γ rays and then the 1334-and 930-keV cascades, as indicated on the left of the level scheme (Fig. 2) . Similarly, parallel paths are established across all the main cascade transitions lower in this part of the scheme such as the 432.5/535.0-keV pair across the 967.8-keV transition and the 353.8/382.6-keV pair across the 736.3-keV transition. There are also several cases in which the coincidence relationships imply unobserved lowenergy transitions such as a connection (58 keV) from the 27 − isomer to the 7819.1-keV state, which decays via the 677.1-and 294.5-keV transitions; a 22-keV transition connecting the 30 + isomer to a state at 8557.3 keV; an 82-keV transition from the same isomer to the 8497.3-keV state; and a 16-keV transition from the 27 − isomer to the 7862.8-keV state. Each of these branches is significant for the deduction of the transition strengths for the main decays. 
C. Spin and parity assignments
Assignments were made following consideration of all the available experimental information, including anisotropies, transition strengths, and in some cases, total conversion coefficients. It is not proposed to cover them all in detail, but a number of specific cases that were only briefly covered in Ref. [13] (for states above the 22 + isomer) require additional substantiation.
The 25 − isomer at 7142 keV was previously established through polarization and conversion coefficient measurements for the 968-keV transition, characterizing it as a stretched octupole [2, 3] . In the present measurements, the anisotropy is positive but is not as large as for the case when full alignment is retained, consistent with partial deorientation due to delayed population, predominantly from the 220-ns isomer discussed previously. The 535-keV transition that feeds the 22 + state has a large negative A 2 coefficient [−0.50(6)], implying a mixed M1/E2 dipole transition, and therefore J π = 23 + for the 6709-keV state. The absence of a measurable lifetime would also argue against the alternative E1/M2 multipolarity admixture. The 432.5-keV transition has a small positive A 2 coefficient, consistent with a partially deoriented stretched quadrupole, and a delayed intensity balance gives a α t = 0.68 (8) , implying M2 rather than E2 character, giving, independently, 23
+ for the 6709-keV state. The M2 strength Table II supports the configuration assignment (as discussed later).
Several transitions are now placed parallel to the 7878.3-keV state, which has a firm assignment of J π = 27 − . From Table I , the 677.1-keV transition feeding the 25
− state at 7142 keV is seen to have a large negative anisotropy, suggesting a mixed M1/E2 transition and J π = 26 − for the 7819.1-keV state. That state decays via the 294.5-keV transition, whose anisotropy is consistent with a stretched dipole character, to the 7524.6-keV state, restricting that state to J π = 25 ± . If one considers the possible transition strengths, the 353.8-keV transition from the 27 − state could be E2, but not M2, and hence the 25 − assignment to the 7524.6-keV state. Its 382.6-keV decay to the yrast 25 − state has an anisotropy consistent (given some attenuation) with a J → J transition, rather than a stretched quadrupole. This is also consistent with the low population of this state. This would be difficult to explain if the 7524.6-keV state had J π = 27 − because the state would then be yrast. The assignments to the 7524.6-and 7819.1-keV states are therefore firm. The other parallel path involves the 720.8-keV transition, which has a well-defined anisotropy and could be a stretched or mixed dipole, suggesting that J π = 26 ± for the 7862.8-keV state (Table I) . However, the implied strength of the (unobserved) 15-keV connecting 054320-7 branch from the previous 27 − state would be compatible with M1 but not with E1, hence leading to the negative parity assignment.
Similar arguments can be applied to the transitions that are now assigned along paths parallel to the 700.9-keV yrast transition, leading to a number of states between the 30 + and 27 − isomers. One worthy of comment is the 8497.3-keV state assigned as J π = 28 + . It decays by a 619.0-keV (attenuated) stretched dipole to the 27 − yrast state and also via the 1355.4-keV transition to the 25 − yrast state. The anisotropy of the 1355-keV transition is consistent with either stretched quadrupole or stretched octupole (and the latter is assigned), but the former would imply 27h for the 8497.3-keV state, an assignment that would not be consistent with either the properties of the 619.1-keV transition or the fact that an 82-keV branch from the 30 + yrast state is observed. The 8557-keV state is more problematic in that, while its 679-keV dipole decay to the 27 − state and the fact that it is populated via a 22-keV transition from the 30 + state mean that it must have J = 28h, the parity is not defined, although at first, it might seem that the 22-keV transition would have to be E2, leading to positive parity. This was the basis of the (28 + ) assignment suggested in Ref. [13] . However, as will be discussed in Sec. VI A, further analysis suggests that E3 multipolarity (with some M2) is possible because of the extremely large conversion coefficients, leading to a (tentative) negative-parity assignment.
Of the states that intervene between the firmly assigned 33 − and 30 + isomers, the 9446.6-keV state decays by an 867.5-keV transition with a very large negative anisotropy to the 30 + state, hence leading to the 31 + assignment given in Ref. [13] . Discrete transitions feeding this state were not identified. Similarly, the 353.7-keV transition that feeds the 30 + yrast is from a state that has no transitions above it, and its anisotropy [A 2 = +0.59 (14) ] suggests a J → J transition, hence leading to the 30 + assignment to the 8932.9-keV state. The 930.3-keV transition from the 9509.4-keV state is, again, a distinctive mixed dipole [A 2 = −0.83(6); see Table I ], leading to the 31 + assignment to the 9509.4-keV state. In constrast to the other states discussed earlier, it is fed through a complex path, including relatively low energy transitions, a sequence that extends up to connect with the 35 − state at 11,354.6 keV. The ordering of the 179.3-and 214.0-keV transitions in this sequence is not certain, and it has not been possible to make firm spin assignments for a number of the states in this region.
The 34 − and 35 − assignments for the 10,619.5-and 11,354.6-keV states follow from the large anisotropies (Table I ) that imply mixed M1/E2 character for the 923.7-and 735.1-keV γ rays, as discussed in Ref. [13] . The 642.7-keV transition that feeds the yrast 34
− state also has a distinctive anisotropy, leading to the 35 − assignment for the 11,354.6-keV state and resulting in two 35
− states in fairly close proximity. Both are fed from the 25-ns isomeric state at 12,211.3 keV, the 856.7-keV transition being the dominant branch, and hence the stronger population of the upper 35 − state, rather than the yrast state, presumably because of configuration relationships. These will be discussed in due course. As discussed in Ref. [13] , the 856.7-keV transition is either a stretched quadrupole or stretched octupole, leading to the alternatives of J π = 37 ± or 38 + for the 12,211.3-keV isomeric state. There are two other branches out of the same state, but neither provides any additional spectroscopic constraint. 054320-8 Three parallel transitions are observed to feed the 12,211.3-keV state. The strongest of these is the 336.3-keV transition, which is a direct decay from the 12-ns isomer at 12,547.6 keV. Its anisotropy suggests a stretched dipole transition, and hence the 12,547.6-keV state must be 1h higher in spin than the 12,211.3-keV state. Any further restrictions on the spins and parities of these states rely on a consideration of the transition strengths in conjunction with possible configuration assignments.
IV. TRANSITION STRENGTHS
The M1 and E2 transition matrix elements for most orbitals in this region are well known (see Refs. [15] and [16] for recent compilations) so that transition rates can be calculated for some of the simpler configurations. Also, it is well known that near Z = 82 and N = 126, specific proton and neutron orbitals couple strongly to the dominant collective mode, the octupole vibration; hence enhanced E3 transitions are common and well studied. They can therefore be used as indicators of specific configuration changes and relationships. In the first instance, "spin-flip" transitions corresponding to an orbital change of either νj 15/2 → νi 11/2 or πi 13/2 → πh 9/2 are known as type B in the categorization of Ref. [17] , for which an E3 strength of 3-5 W.u. is expected. Type A transitions are an order of magnitude stronger, ∼20 W.u., and sometimes larger, and they can usually be associated with the νj 15/2 → νg 9/2 or πi 13/2 → f 7/2 configuration changes. As shown in detail in a number of publications [3, 10, 18, 19] , even larger enhancements are observed because of constructive interference in cases involving both proton and neutron admixtures and configuration changes.
Numerous examples of such enhanced transitions, and also significantly retarded transitions, can be seen in Tables II  and III , in which the new experimental results are collected. These will be considered later in the discussion on configuration assignments (Sec. VI).
V. MODEL CALCULATIONS
As indicated in Sec. I, states in 212 Rn should be amenable to calculations in a shell-model approach, particularly those formed from valence proton configurations. However, while large-scale shell-model calculations have been reported for the N = 126 isotones, these methods are not capable, as yet, of describing states that involve major neutron-core excitations [6, 7] .
Therefore, to compare with experiment, calculations using the empirical shell model (ESM) were carried out. The structure of selected yrast states in the N = 126 nuclei have also been treated by a number of authors within the framework of the DIPM (e.g., Refs. [8, 9] ). A more comprehensive study including oblate deformation will be considered in Sec. V B.
A. Semiempirical shell model
The ESM calculations are similar to those described in our related work [12, 22] , which follows the approach outlined originally by Blomqvist [23] and used by several groups (see, e.g., Refs. [24, 25] ). More detailed explanations are contained in the comprehensive analysis reported for 210 Rn in Ref. [12] . In these calculations, within a given configuration, the energy of a basis state depends on the single particle energies and a 054320-9 weighted sum of two-body interaction matrix elements. While the interactions used are based primarily on the compilation of Lönnroth [26] , some cases have been revised recently, as tabulated by Bayer et al. [27] . Where possible, empirical interactions were used, rather than calculated values. A departure from this and the earlier compilations of interaction energies is in the choice of values of specific neutron/neutron hole interactions, taken here as p [28] has also been incorporated, specifically, the proton/neutron hole interactions πi 13/2 νi 208 Pb Diagonalization of the resulting energy matrix gives the excited state energies for each spin belonging to a specific configuration [30] . It should be noted that while mixing between states of the same configuration is calculated correctly, mixing between different configurations is not included. The model space considered in the calculations allows for the distribution of the valence protons over the h 9/2 , f 7/2 , and i 13/2 orbitals and neutron holes over the p 1/2 , f 5/2 , p 3/2 , and i 13/2 orbitals. The core excitations considered are those involving promotion of neutrons into the g 9/2 , i 11/2 , and j 15/2 orbitals above the shell gap. Core excitation of protons is not usually competitive given the presence of valence protons.
The calculations do not include core polarization effects for configurations in which there is an excitation of neutrons out of the core. From the core polarization strengths used to describe the At nuclei [22] , the magnitude of the effect for single-core excitations is expected to be of the order of 50 keV and can probably be ignored given the level of overall uncertainty in the calculations. However, for configurations involving a double-core excitation, the effect could be more significant.
Also, the calculations do not include blocking of the octupole component in cases, for example, in which aligned g 9/2 and j 15/2 neutrons are both present, although because empirical interactions are used, part of this effect may already be included in some cases. (The nominal j 15/2 component, for example, has a large g 9/2 ⊗ 3 − admixture, which is effectively blocked by the addition of an aligned g 9/2 particle in the multiparticle configuration.) Comments on where these might be significant are included in Tables IV and V. The results of the calculation are compared with experimental values in Tables IV and V, covering different spin regions, the first corresponding to the region where valence proton configurations dominate and single neutron-core excitations intrude up to spins of 26h, and the second corresponding to J 27h, where single and double neutron-core excitations compete, extending into the region of triple core excitations, as reported in Ref. [5] .
B. Deformed independent particle model
The DIPM calculations of Andersson et al. [8] used the Strutinsky method and the modified harmonic oscillator potential to predict states (specifically yrast traps) up to 30h. To match the spherical single-particle levels for the i 13/2 proton and j 15/2 neutron, they adjusted the parameters given by Nilsson et al. [31] to displace those levels through a reduction of the Nilsson parameter µ, and hence the label of the displaced modified oscillator, or DMO. Pairing was not included. The calculations of Matsuyanagi et al. [9] were similar in approach but included blocked BCS pairing and a deformed axially symmetric Woods-Saxon potential. The energies of some orbitals were again shifted to match spherical cases. The deformation was determined for each configuration. As well as analyzing yrast isomers up to spin 30h to compare with the experimental states known at the time, they also predicted a 35 − yrast trap. Applications to 212 Rn and 213 Rn using essentially the same approach also were reported in Ref. [5] .
This article uses the configuration-constrained approach described elsewhere (see Refs. [32, 33] ) with a nonaxial WoodsSaxon potential, universal parameters [34] , and the Lund convention for specifying the deformation [35] . No modification of the potential has been made, but the Lipkin-Nogami pairing strength has been adjusted to improve the energy matching at sphericity. (See Ref. [36] for some comments on Woods-Saxon potential parameters.) For comparison with the alternative ESM approach, the calculations were carried out for each main (low-lying) configuration either assigned or considered in the ESM calculations. This covers all cases discussed by previous authors and numerous others. As can be seen from the summary given in Table VI, although the triaxial degree of freedom is included, for most configurations, the minimum is found to be close to γ = 60
• , corresponding to oblate deformation. No deformed solution is found for cases involving only valence protons such as the 17 − and 20 + yrast states. In common with earlier calculations, the magnitude of predicted deformation is generally |β| 0.100, even when extended, as in the present case, to configurations involving triple neutron-core excitations.
Some comments regarding the possible limitations in the DIPM approach are appropriate here. Matsuyanagi et al. [9] compared the deformation energy gain for specific configurations with that obtained from the typical residual interactions that are incorporated in the shell model. While for some cases, the deformation energy gain associated with occupying combinations of Nilsson orbitals to produce a given spin roughly mimics the residual interaction in the equivalent shell-model case, there are differences. The most significant of these are that the deformation energy is approximately charge-independent, whereas the shell model interactions are not; there can be oscillations (staggering) as a function of spin 054320-10 in a multiplet, which do not occur in the deformed cases, and in no cases does the deformation produce the strong repulsion that is evident particularly in configurations associated with mutually aligned high-spin proton particles and neutron holes [37] . As well, the absolute accuracy expected in the deformed models is ∼1-2 MeV, although relative energies should be considerably better. Given these qualifications, the expectation (as articulated in Refs. [8, 9] ) was that the DIPM would be most appropriate for configurations with aligned particles and nonaligned neutron holes and would not, in general, be valid for couplings to nonmaximal spins. Evidently, such calculations will miss cases in which repulsion due to the (shell-model) residual interactions is important. The hope expressed in these studies was that with equal numbers of aligned proton particles and neutron particles, the isospin dependence retained in the shell model would be washed out and therefore be less problematic.
Overall, it was also found previously that the energies calculated for configurations involving only valence particle configurations were underestimated, whereas the energies of core excited states were generally overestimated.
The results of the present DIPM calculations are summarized in Table VI . Unmodified energies are given in the penultimate column, whereas the last column gives the energies shifted down by 1221 keV so that the predicted and observed 22
+ state energies match. These and the ESM results will be compared to experimental results in the following section.
VI. RESULTS AND DISCUSSION

A. Transition strengths and configuration assignments
Stuchbery et al. [4] measured the lifetime of the 11 − yrast state from the (seniority-two) πh whose main decay is via a 106-keV E1 branch, while a 1067-keV E3 branch to the 8 + 1 state was assigned by Lönnroth et al. [5] , albeit with an approximate intensity. As indicated in Table I , we have confirmed this branch and also observed the 644.5-keV E3 branch to the 8 + 2 state, defining both intensities. The 8 + states are from the nominal h 2 9/2 and h 9/2 f 7/2 configurations, although they are expected to be partly mixed. Nevertheless, the E3 decay strengths (Table III) fall into the categories of type A and type B enhanced E3 transitions discussed earlier.
No new branches are observed from the 17 − state at 4066 keV, but the branching intensities have been more precisely determined. The decay is through the enhanced E2 transition of 76 keV and an enhanced 709-keV E3 transition (type A), in good agreement with the expectations for the configuration changes (Table IV) and with the quantitative estimates given in Ref. [4] .
The 19 − state at 5771 keV is short-lived, with an experimental limit of τ < 2 ns. A new, relatively high energy branch of 1705 keV to the 17 − yrast has been observed, but from Table III , it can be seen that the three branches from the state are not significantly constrained by the upper lifetime limit, being in the range >10 −4 to 10 −6 W.u. Nevertheless, it should be noted that this state is the first single neutron-core excitation in the spectrum (Table IV) , and all decays to the purely valence proton configurations could be expected to be inhibited, as is the case for some higher states (to be discussed later).
New branches have been observed for the decay of the 20 + isomer at 5427 keV, formed from the πh 2 9/2 i 2 13/2 valence protons-essentially the maximum spin that can be expected using only protons near the Fermi surface. Its decays mimic, to some extent, those of the 17 − state, with an enhanced E2 transition [2.7(5) W.u.; Table III ] to the 18 + state from the lower spin coupling of the same configuration and two enhanced E3 transitions, one of type A and one of type B, in excellent agreement with the configuration assignments to the initial 20 + state and to the two lower 17 − states (Table IV) .
This consistency is carried through to the properties of the 22 + isomer at 6174 keV, whose branches (and energy) were reported in Ref. [13] . The 7.6-keV E2 transition to the yrare 20 + state is enhanced [3.9(10) W.u.], consistent with the states being members of the same multiplet. In contrast, the 747-keV E2 to the yrast 20 + state formed by valence protons is highly retarded, with a strength of only 3.5(7) × 10 −5 W.u. This retardation can be taken as characteristic of decays between core excited and noncore excited states involving significant orbital changes. The decay of the 23 + isomer in 210 Rn [12] is a similar example, with two E2 decays with strengths of 4.2 × 10 −4 and 7.0 × 10 −6 W.u., resulting in an isomer with a relatively long lifetime. The third branch from the 22 + state identified is an enhanced E3 transition with a strength of ∼42 W.u., a type A transition owing effectively to the proton i 13/2 → f 7/2 transition, confirming the configuration assignments of both initial and final states.
The configuration of the 25 − isomeric state at 7142 keV has previously been established from a variety of spectroscopic information, including its enhanced E3 decay and measured g factor, as a mixture of the two competing core-excited configurations πh 1/2 g 9/2 configuration, even though both are predicted at slightly lower energies: 6723 and 6752 keV, respectively. Assignment to the former configuration is proposed because that allows the association of the 24 + state at 7178 keV, which only decays to the 6821-keV, 23
+ state, as the maximum coupling (m) of the same configuration. The energy difference of 356 keV is indicative of the repulsive neutron-proton interaction that is present when the f 5/2 neutron hole is maximally aligned with the protons. This assignment for the 23 + state is also supported by the observation of a mixed M1/E2 transition (647.2 keV) to the 22 + yrast state because these states would then be closely related, essentially by a f
The next stage in the scheme is the decay of the 27 − isomeric state at 7878 keV. The scheme reported in Ref. [13] has 354-and 736-keV E2 branches to both 25 − states discussed previously. As can be seen from Table II , the E2 strengths are essentially the same, consistent with the identification of the 25 − states as being mixed. The strengths are also low, at ∼1 × 10 −3 W.u., consistent with a decay from the πh 3 9/2 i 13/2 × νp −2 1/2 g 9/2 i 11/2 (m) double core-excited configuration assigned (Table V) to a single core excitation. The two low-energy M1 branches from the 27 − state to the 7819-and 7862-keV states are even weaker, at ∼10 −4 W.u., consistent, again, with significant configuration changes, in this case (see Table IV + , 222-ns isomer at the 8579-keV state has an enhanced E3 decay (and measured g factors) that define its mixed double neutron-core excited configuration and its relationship to the configuration of the 27 − state, as discussed extensively elsewhere [3, 10] . Two low-energy E2 branches are also observed here: These are both weak but are not as inhibited as those observed in the decay of the 27 − state. The configuration assignment to the 28 + state (fed by the 82-keV transition) is firm because it decays by a 1355-keV E3 transition to the 7142-keV 25 − state, which has a related configuration. As noted earlier, the 8557-keV state that is fed via the 22-keV transition has J = 28, but its parity is not certain. While an E2 assignment to the 22-keV 054320-14 transition seems logical, the second 28 + state predicted in the calculations is about 500 keV higher. However, a 28 − state is expected in this energy region (at 8670 keV). A 28 − assignment would imply M2 or E3 character for the 22-keV transition. This is not as unlikely as might first be thought because of the large conversion coefficients for such low energies. From Table II , a pure M2 transition would be a factor of about 10 too strong at 2.7(6) W.u., but because the conversion coefficient for an E3 transition is extremely high (>10 22 ), the corresponding E3 γ -ray strength is very low. An M2/E3 transition is therefore plausible, leading to a possible 28 − state at an energy that is in good agreement with the prediction. The predicted state has a double core-excited configuration, and its decay to the 27 − state (single core-excited) would involve several orbital changes among both protons and neutrons. The 679-keV transition shows no evidence for E2 admixtures, consistent with this proposition.
No new branches were observed from the 33 − isomer, which has a single enhanced E3 decay. It is populated from the newly assigned, short-lived 34 − state at 10,620 keV via the 924-keV transition. Both states are double core excitations with the same proton component and similar neutron configurations, consistent with the absence of a significant lifetime for the 34 − state. Its lifetime limit (conservatively, <5 ns) corresponds to strengths of 10 −6 W.u. or 10 −3 W.u. for M1 and E2 multipolarities for the 924-keV transition [which, from the large anisotropy of A 2 = −0.73 (6) , is probably mixed]. The situation is similar for the 35 − state at 11,355 keV: It has a number of branches and has been assigned as the first triple neutron-core excitation, which would imply relatively hindered transitions to the lower states. The lifetime limit corresponds to lower limits of ∼10 −4 -10 −5 W.u. for all branches, so it is neither a constraint nor a support for the assignment.
The possible spin assignments and implied decay transition strengths for two highest lying isomers identified in this study were discussed at some length in Ref. [13] and will not be repeated here.
B. ESM results and excitation energies
The agreement in excitation energy between the ESM and experiment in the spin region below about 22h is very good, as can be seen in Table IV and Fig. 5 . As is expected, the 0 + ground-state depression is underestimated by nearly 200 keV (a similar discrepancy is seen for the ground state of 213 Fr [19] ), but essentially all other states predicted to lie near the yrast line are observed with energies reproduced to better than 100 keV, and many within 50 keV, over the whole spin range for the valence proton configurations. While no candidate is observed for the theoretical 9
+ state from the πh 3 9/2 f 7/2 configuration, it is predicted to be significantly above the yrast line; hence it is unlikely to be populated directly. This is also the case for the 21 − state from the πh 9/2 i Table IV .) Because of their nonyrast nature, they might not be strongly populated, but they would probably have preferential decays to the 19 − core-excited state at 5771 keV or, by retarded transitions, to the yrast 20 + state at 5427 keV. Several other comments are appropriate: As indicated earlier, the state observed at 2696 keV has been assumed to be the third 8 + state, although it does not have a firm spin assignment. Similarly, the 3998-keV experimental state has been associated with the predicted 14 − state at 3993 keV, again without a firm spin assignment. (These are included in parentheses in Table IV .) Also, there are two (nonyrast) 16
− states predicted at 4719 and 4911 keV, both arising from the πh 2 9/2 f 7/2 i 13/2 configuration, but only one candidate experimental state is observed at 4929 keV. Although nonyrast, it is preferentially populated by an E3 decay from the proposed 19 + state at 5795 keV, consistent with the implied configuration change. The absence of a similar decay to a lower (predicted) state could be because of phase differences in the wave functions for the 16 − states, with destructive interference resulting for one of the possible E3 transitions.
The only experimental state for which we do not have a theoretical counterpart is the proposed state at 2967 keV, which was identified in Ref. [4] with a single decay (206.6 keV) to the 11 − yrast state. We do not observe any new transitions that would substantiate this placement and assignment, but also, we cannot disprove it. (The present experimental conditions would result in a lower population of nonyrast states than found in Ref. [4] .)
C. ESM and DIPM results: J 24h
In the higher spin region (see Table V and Ref. [13] ), associating predicted states with the observed spectrum is more complicated because, in general, the level density is higher. As can be seen from Table V, many of the states that fall near the yrast line involve nonmaximal couplings [as indicated by the notation (m), (m − 1), etc.]. This results in competing configurations being close in energy, a situation rather different to that which pertains in higher Z nuclei, where a few particular combinations tend to dominate the yrast line. The increased level density is apparent in the comparison given in Fig. 6 (top). Specific assignments and ambiguities that arise were covered in some detail in Ref. [13] , so the main emphasis in the present case will be on the comparison with the predictions of the DIPM, to be discussed in a subsequent section. The DIPM results are reproduced in Fig. 6 (bottom) .
D. Core excitation, deformation, and assigned configurations
As outlined earlier, the historical development of the understanding of the structure of high-spin isomers in 212 Rn initially involved a shell-model perspective and then models incorporating (oblate) deformation. While there were common assignments for many configurations, different configurations were suggested for a number of the key states. At the time of the review of de Voigt et al. [39] , the multiparticle configurations based on the predictions of the DIPM were mostly in agreement with each other and were generally accepted, although there remained some differences between the results. However, a number of those assignments were questioned, both before that review and after (see, e.g., Refs. [3, 10, 40] [3] . As discussed earlier, the deformation energy in the DIPM accounts for a considerable portion of the shell-model interaction, but it is not precisely equivalent, the difference being configuration-dependent. (A direct comparison of deformation energy and residual interactions for the configuration proposed for the 30 + isomer in 212 Rn is given in Ref. [41] .) Andersson et al. [8] showed that inclusion of the deformation in their DMO model dramatically improved the comparison between theory and experiment, compared to a pure "spherical" case. However, this improvement in energy should not be taken to imply that deformation is a necessary component, and it can be misleading if the configuration assignments disagree with other experimental properties.
A second problem that confronts the DIPM interpretation is the small quadrupole moment measured for the 63/2 − isomer in 211 Rn [42] . Its magnitude can be explained by the mixed shell-model configurations, without requiring significant deformation [42] . A similar conclusion was reached [43] from the measurement of the quadrupole moment in 213 Fr 126 , which has a related configuration, and from the theoretical analysis given by Sagawa and Arima [44] for a number of high-spin isomers in the Pb region. − proton component, as discussed in the text. Note also that the calculations use the Lund convention; hence, for γ = 60
• , the β 2 parameter is of opposite sign to β or 2 in the other DIPM calculations discussed in the text.
It should be noted that while the magnitude of the deformation predicted by the calculations becomes larger as more neutron-core excitations occur, it remains in the region of 0.10. The trend can be seen in Fig. 7 . Only the quadrupole deformation is plotted, given that the higher multipoles are small and the triaxiality parameter γ is close to 60
• for all calculated states.
From a detailed comparison of the two approaches depicted in Fig. 6 (with numerical values given in Tables IV and V  and Fig. 6 (bottom) in the deformed calculation, in fact, all fall relatively low in energy. From Table VI , it can be seen that these have a common component from the (h 2 9/2 f 7/2 i 13/2 ) 18 − proton configuration, the only core-excited states with such a component. In all cases, except perhaps for the 30 + 1 state, these also all have a predicted deformation that is equal to or larger than other configurations in the same region, particularly the 37 − state. We are led to conclude that in the DIPM, the energies of the states involving the 18 − proton configuration are underestimated. This seems to be the source of the original discrepancy between the DIPM configuration assignments and the shell-model assignments for the 30 + isomer, a conclusion that can be reached now that a more extensive comparison has been possible.
The yrast trap with J π = 35 − predicted by Matsuyanagi et al. [9] was from the J max − 3 coupling from the − proton component and a triple neutroncore excitation. However, this is not the same configuration as that assigned here (from the ESM) to either of the observed 35 − states. In addition to the limitations in the DIPM outlined earlier, another factor that could have a bearing on the difference between the predictions is the neglect of spin-spin interactions in the deformed case. These have a significant effect in the energies of high-K states, causing relative shifts of several hundred keV [45] In terms of the generalized Gallagher-Moszkowski splittings [45] , there are four antiparallel proton-neutron couplings ([↑↓, ↓↑]) in the first configuration and eight parallel couplings ([↑↑, ↓↓]) in the second. There are corresponding differences in the neutron-neutron and proton-proton couplings as well, and depending on the magnitudes of the (configurationdependent) interactions, there is likely to be a significant difference in the total residual interaction for the two cases. Unfortunately, few of the interactions are known empirically because these orbital combinations do not generally arise in prolate deformed nuclei, the source of most of the empirical data. However, schematically, it would seem that the first configuration would be more depressed in energy than the second, thus exacerbating, rather than resolving, the discrepancy. Another state of interest in the comparison between the ESM and DIPM calculations is a 32 − state from the same configuration predicted at essentially the same energy in both calculations (9572 keV in the ESM model and 9579 keV in the DIPM model), for which there is no experimental counterpart. The predicted energy in the ESM will be underestimated in this case because it neglects octupole blocking. The 33 − experimental state at 9696 keV is predicted at 9435 keV in the DIPM, a better match than the value of 10,274 keV from the ESM, but the ESM fares better for the (possible) yrast 38 + state. Finally, both calculations predict a low-lying 40 + state at essentially the same energy, 12,949 keV in the ESM and 12,863 keV in the DIPM, a state for which no candidate has been observed. As concluded in Ref. [13] , the nonobservation of this state, which is likely to be an isomer, is surprising.
To conclude, it appears that the ESM provides a more reliable approach to the characterization of observed highspin states in 212 Rn, with the qualification that there remain ambiguities about the more complicated triple neutron-core excitations. By implication, a similar judgment could be reached for nearby Rn isotopes. In contrast, the predictability of the DIPM calculations is open to question, with a consistent mismatch between apparent agreements in energy for favored states and the configuration relationships implied by the detailed decay properties.
The DIPM has also been applied to another region where (oblate) high-spin isomeric states occur, specifically, close to the Z = 64 subshell and N = 82 shell closures (see, e.g., Refs. [39, 46] , and references therein). This region differs in principle from the Rn region in that the nuclei are softer, and purportedly larger oblate deformations (β 2 ∼ −0.2) occur. These are driven largely by the d 3/2 neutron holes and d 5/2 proton holes created in core excitations, the proton and neutron gaps being similar and smaller than in the Rn region. Nevertheless, there are considerable similarities in the competing shell-model multiparticle excitations, and significant octupole coupling is present. Spin and parity assignments for the high-lying isomers are rarely unambiguous and often rely partly on predictions of the DIPM (e.g., Ref. [47] ). It remains to be seen whether such deformed configuration assignments are consistent with the relationships between the initial (isomeric) state and the final states.
VII. SUMMARY
A comprehensive level scheme has been established for the N = 126 nuclide 212 Rn. New states with firm spin assignments and new γ -ray branches have been assigned in the scheme up to J ∼ 20h, a region where most states are formed from couplings of the four valence protons. The precise energy and decay properties of the yrast 22h isomer have also been defined, confirming its spin and parity and configuration. The semiempirical shell model succeeds in accounting for nearly all such states observed, with predicted energies that agree, relatively precisely, with experimental values. An extensive level scheme is also established for the higher spin region, up to J ∼ 39h, with an excitation energy in excess of 13 MeV, covering states formed by aligned valence protons combined with single, double, and triple neutron-core excitations. Calculations within both the shell-model framework and the deformed independent particle model have been carried out, with mixed success. Most of the states can be described within the ESM, albeit without the precision found for the lower spin, less complex configurations. While the DIPM has some success in describing the relative energies of the main yrast states, predicting them to have oblate shapes with relatively small deformations, some of the agreement is superficial in that the configuration assignments are inconsistent with the decay properties, particularly the enhanced E3 transitions observed. This discrepancy has been pointed out before, but the present, more extensive calculations suggest that the discrepancy can be traced to an underestimate of the energy of the 18 − proton configuration in the deformed space. Both calculations also predict a relatively low energy (yrast) 40 + state, which, as yet, has not been identified. Progress in this area, particularly with the ESM, is likely to require self-consistent incorporation of octupole coupling effects, core polarization, Pauli blocking, and possible modification of the residual interactions.
